Rapid identification of bacteria from blood cultures enables early initiation of appropriate antibiotic treatment in patients with bloodstream infections (BSI). The objective of the present study was to evaluate the use of matrix-associated laser desorption ionization-time of flight (MALDI-TOF) MS after a short incubation on solid media for rapid identification of bacteria from positive blood culture bottles. MALDI-TOF MS was performed after 2.5 and 5.5 h plate incubation of samples from positive blood cultures. Identification scores with values $1.7 were accepted as successful identification if the results were confirmed by conventional methods. Conventional methods included MALDI-TOF MS, Vitek 2, and diverse biochemical and agglutination tests after overnight culture. In total, 515 positive blood cultures with monomicrobial bacterial growth representing one blood culture per patient were included in the study. There were 229/515 (44.5 %) and 286/515 (55.5 %) blood culture bottles with Gramnegative bacteria (GNB) and Gram-positive bacteria (GPB), respectively. MALDI-TOF MS following short-term culture could accurately identify 300/515 (58.3 %) isolates at 2.5 h, GNB being identified in greater proportion (180/229; 78.6 %) than GPB (120/286; 42.0 %). In an additional 124/515 bottles (24.1 %), identification was successful at 5.5 h, leading to accurate identification of bacteria from 424/515 (82.3 %) blood cultures after short-term culture. Interestingly, 11/24 of the isolated anaerobic bacteria could be identified after 5.5 h. The present study demonstrates, in a large number of clinical samples, that MALDI-TOF MS following short-term culture on solid medium is a reliable and rapid method for identification of bacteria from blood culture bottles with monomicrobial bacterial growth.
INTRODUCTION
Mortality rates due to bloodstream infections (BSI) remain unacceptably high. The case-fatality rates of nosocomial BSI range from 12 to 32 % (Goto & Al-Hasan, 2013) . Early initiation of appropriate antibiotic therapy significantly reduces mortality, morbidity and hospital costs (Beekmann et al., 2003; Judd et al., 2014) . Rapid and accurate identification of micro-organisms from BSI is an obvious target to enable early appropriate antimicrobial therapy. In addition, rapid species identification may lead to decreased use of broad-spectrum antibiotics, the widespread use of which is associated with greater adverse patient effects and an increased risk of selection of resistant bacteria (Kang et al., 2005; Kollef, 2008) . This understanding has led to the development of rapid methods for identification of micro-organisms causing BSI. Several rapid molecular-based species identification methods such as broad-range PCR followed by sequencing, microarray, fluorescent in situ hybridization (FISH) and pathogen-specific real-time PCR have been developed (Peters et al., 2006; Dark et al., 2015) . Many of these methods allow a sensitive and specific microbial species identification significantly faster than conventional bacteriological agar-based culture and phenotypic identification methods. However, these methods are still labour intensive and expensive, rely on special equipment, and in most instances also exhibit an unsatisfactorily narrow diagnostic spectrum. Methods focused on identification of single pathogens such as Staphylococcus aureus (Chapin & Musgnug, 2003) or Streptococcus pneumoniae (Petti et al., 2005) have also been described. These methods are relatively easy to perform and inexpensive. However, as they detect only a single pathogen in each reaction, they possess a limited usefulness.
Matrix-associated laser desorption ionization-time of flight (MALDI-TOF) MS analysis of bacterial colonies grown on solid medium allows fast and reliable identification of micro-organisms within minutes. Recently, several groups have reported promising results for MALDI-TOF MS in identification of micro-organisms directly from positive blood culture bottles (Wüppenhorst et al., 2012; Fothergill et al., 2013) . However, these protocols are time consuming, require skilled laboratory personnel and are relatively difficult to implement in the workflow of routine clinical practice. Previously, we presented a novel method for rapid and reliable identification of micro-organisms from blood culture bottles based on simple routine diagnostic tests following a decreased incubation time on solid medium (Ö zenci et al., 2008) . Subsequently, the method was integrated in our routine clinical practice. The introduction of MALDI-TOF MS in our laboratory spurred us to investigate the identification capabilities of this method. The aim of this study was to evaluate rapid bacterial species identification from positive blood culture bottles subsequent to short-term subculture on solid medium.
METHODS
Blood culture bottles and system. The blood cultures were collected at the clinical wards and then transferred to the laboratory according to Karolinska University Hospital guidelines. The standard blood volume for inoculation in BacT/Alert FA, FA Plus, FN and FN Plus blood culture bottles (bioMérieux) was 8-10 ml. BacT/Alert PF bottles were inoculated with 0.5-4 ml blood as recommended. The bottles were incubated in the BacT/Alert 3D automated blood culture system (bioMérieux) until positivity or for a maximum incubation time of 5 days. The performance of the method was analysed for positive blood cultures with monomicrobial bacterial growth. Bottles yielding polymicrobial or yeast growth were excluded. Only one positive bottle per patient was included in the study.
Rapid culture method. Broth from bottles that signalled positive was first evaluated by Gram stain. The subculture process was done by transferring several drops of broth with an inoculation needle onto dual blood/cystine lactose electrolyte-deficient (CLED) agar plates (Alpha Biosciences and Lab M, respectively) (3 drops per side) and chocolate agar plates (BD) (5 drops); the volume per drop was approximately 30 ml. The sample was then streaked on the agar surface in two directions with a 10 ml bacteriological loop. Plates were incubated at 35 uC (blood/CLED agar plates in air and chocolate agar in 5 % CO 2 atmosphere) for 2.5 and 5.5 h before analysis by MALDI-TOF MS. These two time points were chosen according to our previous experience with this rapid culture method, which has been in routine use in our laboratory since 2007 (Ö zenci et al., 2008) . If a satisfactory MALDI-TOF identification score (i1.7) was obtained after the 2.5 h incubation, the sample was not tested again after 5.5 h. All isolates were also identified by conventional methods after overnight incubation of plates. When anaerobic bacteria were suspected from Gram-stain morphology, similar amounts of broth were subcultured in addition on blood agar plates and incubated at 35 uC in an anaerobic environment for the same time periods.
Conventional identification methods. All positive bottles were subjected to standard culture and identification methods. Initially, Gram stain was performed. The results of the Gram stains directed further subculturing of broth onto relevant agar plates including blood, CLED, chocolate and anaerobic blood agar. Plates were incubated overnight in the appropriate environment and individual bacterial colonies were used for species identification by MALDI-TOF MS (Bruker Daltonik) or the Vitek 2 XL system (bioMérieux). A high confidence score (w2.0) for direct colony testing by MALDI-TOF MS and w93 % probability results by Vitek 2 GN, GP or ANC ID cards were considered identification at the species level as recommended by the manufacturers. When the criteria for identification at the species level by MALDI-TOF MS or Vitek 2 were not met the following tests were used: Gram staining, catalase, oxidase, DNase, indole spot and L-pyrrolidonyl-b-naphthylamide (Remel), agglutination tests for group A, B, C, D, G streptococci and Streptococcus pneumoniae (both from Oxoid), and Salmonella spp. (Reagensia). In addition, optochin discs on gentian violet blood agar were used for the differentiation of a-streptococci and pneumococci.
MALDI-TOF MS. MALDI-TOF MS was performed directly from bacterial material on plates as described by Croxatto et al. (2012) . Briefly, a very thin layer from visible bacterial growth after 2.5 and 5.5 h incubation was scraped with a 1 ml bacterial loop and smeared on 1 spot of a 96-spot stainless steel target plate (Bruker Daltonik). On-plate extraction was performed by overlaying each spot with 1 ml 70 % formic acid solution (Fluka) and then allowing the samples to air dry for 2 min. One microlitre of CHCA matrix (a-cyano-4-hydroxycinnamic acid) in 50 % acetonitrile and 2.5 % trifluoroacetic acid (Bruker Daltonik) was then applied on each sample and air-dried before analysis with MALDI-TOF MS. The Bruker Biotyper 3.1 software and library (version 4613; Bruker Daltonik) was used for spectra analysis. Following the manufacturer's instructions, scores of i1.7 were considered as low-confidence identification but interpreted as a successful identification if confirmed by conventional methods obtained from overnight cultures. Scores of v1.7 were considered as failed identification.
RESULTS

Identification by conventional culture methods
In total, 579 positive blood cultures were studied. There were 12/579 (2.1 %) blood cultures with polymicrobial and 52/579 (9.0 %) bottles with yeast growth. Therefore, 515 positive clinical blood cultures were included during the study period, comprising 286/515 (55.5 %) bottles with Gram-positive bacteria (GPB) and 229/515 (44.5 %) with Gram-negative bacteria (GNB). Conventional methods could identify 267/286 (93.4 %) GPB and 223/ 229 (97.4 %) GNB to the species level after overnight culture (Tables 1 and 2 ).
Identification by MALDI-TOF after rapid culture After 2.5 h. Accurate bacterial identification after a 2.5 h incubation was obtained in 300/515 (58.3 %) samples. At this time point, 120/286 (42.0 %) GPB and 180/229 (78.6 %) GNB could be correctly identified with the presented method. Interestingly, the majority of Enterobacteriaceae and Staphylococcus aureus were identified in 2.5 h, 173/209 (82.8 %) and 44/61 (72.1 %), respectively. In addition, 16/36 (44.4 %) Enterococcus spp., 3/6 (50 %) aerobic non-Enterobacteriaceae GNB and 4/14 (28.6 %) anaerobic GNB could be identified (Tables 1 and 2 ).
After 5.5 h. Identification of an additional 90 GPB and 34 GNB could be achieved by the presented method after 5.5 h growth on agar plates. In total, 424/515 (82.3 %) of all isolates included in the study were identified at this time point, the cumulative rates of identification after 5.5 h being 73.4 % for GPB and 93.4 % for GNB.
The majority of Staphylococcus aureus (56/61, 91.8 %), enterococci (33/36, 91.7 %) and b-haemolytic streptococci group A, B and G (8/10, 80 %) were correctly identified at the end of the short-term culture period. Identification of non-Staphylococcus aureus staphylococci was less successful as only 101/132 (76.5 %) of the isolates could be characterized to the species level. Major limitations were seen in 
5 (13.5 %) 8 (21.6 %) 24 (64.9 %) 37 (100 % 
D
These isolates could not be identified by MALDI-TOF MS; they were classified as a-streptococci based on optochin resistance and negative agglutination for group A, B, C, D, G streptococci and Streptococcus pneumoniae. Vitek 2 was not performed in these cases. Identified by Vitek 2, with a high identification score of 99 %.
O. Altun and others the identification of Streptococcus pneumoniae (2/8), other a-haemolytic streptococci (3/19) and anaerobic GPB (2/10).
When aerobic GNB bacteria were considered, the additional culture time further raised the identification rate for Enterobacteriaceae from 173/209 (82.8 %) to 201/209 (96.2 %) correctly identified species, and for non-Enterobacteriaceae to 4/6 isolates (66.8 %). Interestingly, 9/14 anaerobic GNB could be identified successfully after 5.5 h. In particular, the method performed unexpectedly well for Bacteroides spp., identifying 8/9 of the isolates.
Isolates that could not be identified by this approach. Most of the remaining bacteria were represented by too few isolates to evaluate the performance of the method. Gram-positive rods such as Corynebacterium spp. or Propionibacterium spp. and anaerobes other than Bacteroides spp. were difficult to identify after rapid culture (Tables 1  and 2 ). Similarly, 24/37 (64.9 %) Streptococcus spp. could not be identified correctly. In general, these microorganisms either showed no growth after rapid culture or did not yield a reliable identification result, i.e. scores v1.7 with MALDI-TOF MS. False species identification was only observed in the case of 4 a-haemolytic streptococci that were incorrectly typed as Streptococcus pneumoniae (data not shown). These isolates were identified (to the species or genus level) by standard microbiological identification tests, including MALDI-TOF MS from overnight cultures.
DISCUSSION
Hitherto published studies have shown that early effective antimicrobial treatment of patients with BSI is crucial in Could not be identified by MALDI-TOF MS or Vitek 2 because of insufficient bacterial growth even after .24 h.
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reducing mortality rates and hospital-related costs due to these infections (Beekmann et al., 2003; Kumar et al., 2006) . It is, therefore, essential to develop rapid diagnostic methods to identify micro-organisms that cause BSI. The present study evaluated MALDI-TOF MS following a short-term culture for identification of bacteria from positive blood culture bottles. A large number of clinical monomicrobial blood cultures were analysed prospectively. The proposed method could accurately identify 424/515 (82.3 %) bacteria from monomicrobial cultures after a 5.5 h subculture from positive blood culture bottles. For 300/515 (58.3 %) bacteria, identification was already obtained after 2.5 h.
The overall bacterial identification rates obtained at 5.5 h are comparable to the results of direct MALDI-TOF MS identification from blood culture bottles (Vlek et al., 2012; Wüppenhorst et al., 2012; Fothergill et al., 2013) . However, direct MALDI-TOF MS methods may be difficult to implement and integrate alongside conventional diagnostic methods because of an added hands-on time aspect. Benefits of the method evaluated here were thus: no need of extra reagents or kits, and no additional steps outside routine procedures, such as sample lysis, washing or centrifuging.
In addition to the identification of micro-organisms, antibiotic susceptibility testing (AST) provides essential information on resistance and allows the clinician to tailor appropriate antimicrobial therapy accordingly. A clear advantage of the rapid culture method is that it allows initiation of AST simultaneously with identification from agar plates as reported recently by Idelevich et al. (2014a) . In comparison, other rapid molecular identification methods provide no or only limited AST possibilities (Kothari et al., 2014) . Direct MALDI-TOF MS methods may not always be suitable for AST, as some protocols expose the micro-organisms to harsh chemicals including formic acid to extract proteins (Croxatto et al., 2012) .
Another benefit of using rapid culture with MALDI-TOF MS identification is the use of an extensive MALDI-TOF MS database that covers a wide range of bacterial species. During the study period, 51 different bacterial species were detected by conventional methods and 41/51 (80.4 %) of these isolates could be identified by the method described here. In contrast to molecular diagnostic tests such as QuickFISH and Verigene Gram-positive/ Gram-negative blood culture (Hill et al., 2014; Martinez et al., 2014) that are capable of detecting only a limited range of bacterial species, the present method could identify the majority of the bacterial species isolated from the clinical samples. The bacteria that could not be identified after rapid culture in this study included coagulasenegative staphylococci and a-streptococci, Micrococcus spp., Corynebacterium spp., Propionibacterium spp., Brucella spp., Haemophilus influenzae and Eggerthella lenta. This limitation might apply as well to other slow-growing micro-organisms, such as yeasts. This was reported in a study by Verroken et al. (2015) , who observed poor identification results with rapid yeast culture.
Recently, Bhatti et al. (2014) presented a rapid culture and MALDI-TOF method using pre-warmed blood agar plates and different plating techniques with and without previous centrifugation of the blood culture broth. Significant identification rates of bacterial isolates were obtained with the pellet streak method, 68 % after 2 h and 96 % after 6 h. However, double centrifugation of the samples was required, demanding longer hands-on time and making the procedure overall more time-consuming. The identification rates after direct subculture of blood broth samples (i.e. direct streak or spot) reached 49 % at 2 h and 92 % at 6 h, which is similar to our present findings. Thus, the comparison implies that the use of pre-warmed plates does not provide a clear advantage for early detection of micro-organisms, but requires instead an additional step in the procedure. The study by Bhatti et al. (2014) is moreover limited by the comparatively small number of bottles tested (n 5 134), reducing the sample sizes for specific and potentially difficult bacteria. In the present study, the higher number of samples ensured a better representation of the diversity of the micro-organisms detected in routine clinical practice.
Another previous study on rapid culture on blood agar plates followed by MALDI-TOF identification evaluated multiple rapid culture time points (including 2 and 6 h), but also two different levels of identification score (i1.7 or i2.0) in 152 positive blood cultures. While that study showed lower identification rates for Gram-positive cocci at 2 h, identification rates for both Gram-positive cocci and Gram-negative rods at 6 h with a score of i1.7 were very similar to ours in the present study (Idelevich et al., 2014b) .
In a larger study with 453 monomicrobial episodes, Verroken et al. (2015) showed that MALDI-TOF MS could identify 369/453 (81.5 %) of isolates after 5 h incubation on solid medium. In contrast to the present study, the authors analysed only one incubation time point. The information that a considerable number of samples can already be identified after 2.5 h appears, however, highly relevant for the application of this method in the clinical laboratory. Obtaining identification results at such an early time point might eventually help the clinicians to adjust antibiotic treatment in a more timely way. The clinical importance of early effective treatment in patients with severe sepsis was shown previously (Kumar et al., 2006) .
In contrast to the study by Verroken et al. (2015) , where only 2/10 anaerobic bacteria were detected after 5 h, we were able to identify 11/24 of the isolated anaerobic bacteria after a 5.5 h incubation; among those were 8/9 Bacteroides spp., 1/1 Parabacteroides spp. and 2/3 Clostridium spp. The underlying reason for the discrepant finding for anaerobic bacteria is not clear and might relate to the small number of isolates analysed. Further studies with larger numbers of clinical samples containing anaerobic bacteria are warranted.
The shortcoming of MALDI-TOF MS in accurately differentiating Streptococcus pneumoniae from other ahaemolytic streptococci is a well-known phenomenon (Neville et al., 2011; Schulthess et al., 2013) . The present method could identify only 2/8 Streptococcus pneumoniae isolates correctly, probably based on limitations in the resolution of the MALDI-TOF MS analysis. In addition, detection of other a-haemolytic streptococci with the present method was poor, probably due to slow growth of these bacteria. Therefore, usage of the present method for identification of Streptococcus pneumoniae and other astreptococci is limited. The new algorithms developed for MALDI-TOF MS that accurately identify Streptococcus pneumoniae might lead to improved identification of this bacterium by the present method.
Another limitation of the present study was the selected MALDI-TOF MS score of i1.7, following the manufacturer's recommendations. However, the identification score results with the present method were compared to conventional methods and accepted as successful identification only after concordance with overnight culture and MALDI-TOF MS scores of i2.0 or w93 % probability results by the Vitek 2 system. It is therefore plausible to suggest that the present results reflect the clinical performance of the method. In conclusion, the present study demonstrates, in a large number of clinical samples, that MALDI-TOF MS following short-term culture on solid medium is a reliable, easy and rapid method for the identification of the majority of important bacteria from blood culture bottles with monomicrobial bacterial growth.
